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CHAPTER 19

DIRECT CURRENT MOTORS

INTRODUCTION

Although more expensive and difficult to main-
tain than AC motors, DC motors have been exten-
sively used on shipboard because they had a great
advantage where precise speed control and varyin
loads are concerned. Direct current is better suite
to handle the various cargo-handling winches and
capstans. Speed and torque requirements are
precise and dependable.

In all important aspects, DC motors are iden-
tical to DC generators. Their construction and
operating principles, as discussed in[Chapter 18 are
interchangeable. Many manufacturers make DC
machines for use either as a DC motor or DC gen-
erator. The main differentiating factor between the
motor and the ?enerator is what the marine engineer
must electrically control. The engineer must control
what comes out of the generator and what gioes into

the motor. As with generators, the major classes of
DC motors are -

e Shunt wound.
e Series wound.
e Compound wound.
o Separately excited.

These t?;pes of motors differ only in the con-
nection of the field circuits (Figure 19-1). The
armatures, commutators, and so forth are nearly
identical with each other and with those of the
generators. All four major classes of motors are
widely used. This is in contrast to the generators,
in which the compound wound type Is used for
nearly all general power applications.

PRINCIPLE OF DC MOTOR ROTATION
The operation of a DC motor depends on the

attraction and repulsion principles of magnetism.
When current is supplied to the field poles of a motor,

the field poles turn into electromagnets. If a two-
pole machine is used, north and south polarities are
established toward the center of the machine.
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FIGURE 19-1. Schematic Diagrams of DC
Motors.

[ Figure 19-2 view Alshows how the two field
poles are wound to produce the opposite magnetic
effect. The magnetic lines of force, between these
two unlike magnetic poles, establish a direction of
movement from the north polarity to the south
Polanty. By themselves, these lines of force from the
ield poles cannot do anything to force the motor’s
armature to rotate.

If current is supplied from the generator
through the motor’s brushes and commutator to
the armature windings, a magnetic field results
around the armature Windingsf. DC motor
torque depends on the principle that a current-
carrying armature conductor has a magnetic force
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encircling it. These lines of force are determined by
the left-hand rule for conductors. You can deter-
mine these lines of force when you know which
direction the current flows through the conductor. If
you visualize yourself grasping the insulated conduc-
tor in your left hand with your thumb extended in the
direction of current flow, negative (-) to positive ( +),
our fin%ers Il point in the direction of the magnetic
ines of force|Figure 19-3illustrates this point.

The current entering the motor armature wind-
ings and the magnetic lines of force that result around
the armature windings interact with the magnetic
lines of force from the field poles. Torque is
produced in proportion to the current in the arma-
ture windings. The greater the armature current, the
greater the motor torque. Additionally, the direction
of current flow through the armature and the polarity

FIELD POLE

]

of the field poles determine the direction that the
armature will revolve.

Figure 19-4|shows the lines of force established
around the armature coils. The cross signifies the
current from the generator’s negative terminal
moving away from us into the motor armature. The
dot redpresents the current moving toward us (and
toward the positive generator terminal) in the motor
armature. The left-hand rule establishes the lines of
force around these armature conductors.

The two field poles show their magnetic lines
of force establishing a direction from north to
south (left to right). The armature conductor mag-
netic lines of force are circular and are determined
by the current direction. The following outline
describes the combining of the current-carrying
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FIGURE 19-2. Lines of Force in the Magnetic Field.
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armature magnetic lines of force with the field pole e Thecircular lines of force developed from

magnetic lines of force:

the dot conductor effectively cancel the
magnetic lines of force from the field poles

e The circular lines of force in the cross con- directly below the dot conductor.
ductor and the magnetic lines of force from _ _ _
the field poles effectively cancel out each e The circular lines of force directly above
other directly above the cross conductor. the dot conductor add to the magnetic
lines of force from the field poles. In this
e The circular lines of force below the manner, the dot portion of the armature is
cross conductor work with or add to each moved down.
other’s magnetic lines of force. In this
way, the additive force below the cross Since both the cross and the dot conductors

conductor forces the conductor ulo are connected together and rotate at the center,
y

through the canceled lines of force direct

above it.

the armature starts to turn. This turning force
developed from the magnetic lines of force is known
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FIGURE 19-3. Magnetic Lines of Force Surrounding a Current-Carrying Conductor.
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FIGURE 19-4. Combined Armature and Field Magnetic Lines of Force.
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as torque. The amount of torque developed depends
primarily on the current through the armature.

COUNTER EMF

Any time a conductor is moved in a magnetic
field, an EMF is produced. When this occurs in a
motor as a by-product of motor torque, the EMF is
called counter EMF. This is because the EMF
produced in the motor opposes the EMF of the
generator. To distinguish between the two EMFs,
the term “counter EMF” is applied to every com-
ponent that is not a prime distribution system power-
generating device. The ship service generator,
battery systems, and the emergency generator are
EMF-designated devices.

Counter EMF is directly proportional to the
sgeed of the armature and the field strength. That is,
the counter EMF is increased or decreased if the
speed is increased or decreased, respectively. The
same is true if the field strength is increased or
decreased.

Counter EMF is a form of resistance. Any
resistance opposes and reduces the current. The
greater the CEMF, the less current delivered to the
motor armature. When the motor is first started,
during that infinitesimal moment when the armature
has not yet begun to turn, armature CEMF is at zero.
Maximum current is available from the generator to
the motor armature because the only resistance is in
the motor wire.

CEMF is produced in the motor armature as it
begins to turn. The faster the armature turns, the
more CEMF is generated. This counter EMF
reduces the current from the ship service generator.
Table 19-1 is a comparison of the armature speed,
CEMF, motor armature current, and resulting motor
torque for normal motor operations.

The CEMF restricts the current flow. When
current in the motor armature is reduced so is the
motor’s torque. Since CEMF is proportional to the
speed of a motor and current is indirectly propor-
tional to CEMF, a motor automatically adjusts its
speed to corresponding changes in load. When the
motor’s RPM decreases because of an increase in
load, the CEMF is reduced, and current increases.
The increased current produces greater torque, and
the motor increases its RPM.
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TABLE 19-1. Normal DC Motor Operation
Comparisons.

START NORMAL INCREASING
upP OPERATION LOAD
Motor
Armature
Speed
(RPM) Zero Highest Decreasing
CEMF Zero Highest Decreasing
Armature
Motor
Current  Highest Lowest Increasing
Motor
Torque Highest Lowest Increasing

All our DC motors conform to Table 19-1.
They will deviate only in the specific characteristics
of that motor’s individual design. For example, all
torque is increased when the armature moves slowly.
In the series motor, however, its design ﬁroduces an
unusually high value of motor torque. This becomes
the characteristic of the series motor.

A motor is not designed to operate at the
excessive current levels exhibited when it is first
started. If the motor were unable to increase in speed
because it was too heavily loaded, sufficient CEMF
would be unavailable to reduce the generator’s cur-
rent. This excessive current would shortly burn out
the motor. A motor must be allowed to come up to
its rated speed rapidly.

ARMATURE REACTION

There are individual magnetic lines of force
from the field poles and the armature. Magnetic
fields tend to combine. Additionally, the magnetic
lines of force are distorted (or concentrated) by 2
iron core [ Figure 19-9 shows the field flux
and the armature flux |(view B) individually.
shows the distortion caused by the interaction of the
two fields and the armature core movement. This
distortion is known as armature reaction.
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FIGURE 19-5. Armature Reaction in a Motor.

The armature current in a generator flows in
the same direction as the generated EMF, but the
armature current in a motor is forced to flow in the
opposite direction to that of the CEMF. In a motor,
the main field flux is always distorted in the opposite
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direction to armature rotation (view C); whereas in a
generator, the main field flux Is always distorted in
the same direction as armature rotation. The resul-
tant field in the motor (view C) is strengthened at the
Ieadin% pole tips and weakened at the trailing pole
Rpg; This action causes the neutral plane to shift to

The armature reaction is overcome in a motor
by the same methods used in the generator; that is,
by the use of laminated pole tips with slotted ends,
interposes, and compensating windings. In each
case, the effect produced is the same as the results
produced in the generator, but it is in the opposite
direction.

To further ensure successful commutation,
small slots on the brush ri(l;ging permit a slight brush
position adjustment. By placing a tachometer on the
motor shaft, an indication of motor efficiency may be
obtained. Adjust the brush position for the fastest
armature rotation in the absence of sparking.

SHUNT WOUND MOTOR

The shunt wound motor is used where
uniform speed, regardless of load, is wanted. It has
reasonably good starting torque but is not suited for
starting very heavy loads. It Is therefore used where
the starting load is not too heavy, as in blowers, or
where the mechanical load is not applied until the
motor has come up to speed. It Is essentially a
constant speed machine.

The shunt motor is electrically identical with
the shunt generator diagramed iﬁ] Figure 19-6. It is
considered a constant speed machine because speed
does not ordinarily change more than 10 to 15 per-

cent within the load limits.

The field pole circuit of a shunt motor is con-
nected across the line and is thus in parallel with the
motor armature. Both the motor armature and the
shunt field are in parallel with the switchboard bus.
If the supply voltage is constant, the current through
the field pole coils and consequently the magnetic
field will remain constant. The resistance in the field
Pole coils will change little. Hence, the current in the
ield poles will remain virtually constant. On the
other hand, the resistance in the armature will change
as the CEMF increases and decreases. This means
that the current in the armature will vary inversely
with the CEMF.

19-5



FM 55-509-1

BRUSH
o 1 _.
ARMATURE”” ;‘ g 1§
COMMUTATOR / | o
BRUSH @
BRUSH
a e
FIELD
WINDING
7 \ -
BRUSH COMMUTATOR

FIGURE 19-6. Shunt Motor Diagram

When there is no load on a shunt motor, the
only torque necessary is that which is required to
overcome friction and windage. (Windage is a
mechanical loss due to the friction between the
moving armature and the surrounding air.) The
rotation of the armature coils through the field
pole flux develops a CEMF. The CEMF limits
the armature current to the relatively small value
required to maintain the necessary torque to run
the motor at no load.

When an external load is applied to the shunt
motor, it tends to slow down slightly. The slight
decrease in speed causes a corresponding decrease
in CEMF. If the armature resistance is low, the
resulting increase in armature current and torque
will be relatively Iarﬁe. Therefore, the torque is
increased until it matches the resisting torque of the
load. The speed of the motor will then remain con-
stant at the new value as long as the load is constant.
Conversely, if the load on the shunt motor is reduced,
the motor tends to speed up slightly. The increased
speed causes a corresponding increase in CEMF and
a relatively large decrease in armature current and
torque.

The amount of current flowing through the
armature of a shunt motor depends on the load on
the motor. The larger the load, the larger the current.
Conversely, the smaller the load, the smaller the
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current. The change in speed causes a change in
CEMF and armature current in each case.

No Field Condition

In order for a DC motor to turn, there must be
the magnetic lines of force from the armature and the
magnetic lines of force from the field poles. As shunt
motors age and corrosion becomes a problem, a
runaway condition may present itself. When the
shunt field is opened and current is available only to
the armature, the motor speed will increase
dangerously.

It would seem that without the shunt field the
motor would stop. However, the large metal pole
shoes of the DC machine support a fairly substantial
residual magnetic field. This residual magnetism is
just enough to ensure that the magnetic principles
that sustain the armature movement are present.

The residual magnetic field is not, however,
substantial enough to develop a suitable CEMF in the
armature. Without the proper proportion of
CEMF, current flow to the armature increases.
The more current to the armature, the greater the
torque and the faster the damaged shunt motor
rotates. A no field release is employed by shunt
motors to prevent such a casualty. When the shunt
field is de-energized, the no field release discon-
nects the motor from the circuit.

Speed Control

The magnetic field from the shunt motor field
poles is necessary to maintain an adequate CEMF in
the motor armature. As long as the CEMF is main-
tained, the current to the armature is restricted, and
the motor operates at its rated speed.

Above Normal Speed Control. DC motors
with shunt fields (both shunt and compound motors)
can control the speed above a certain operating (or
base) point_This is called speed control above nor-
mal speed | Figure 19-7/shows a shunt motor with full
field resistance. A rheostat in series with the shunt
field will determine the amount of resistance in the
shunt field. The greater the resistance in the shunt
field, the less current will enter the shunt field. The
reduced current in the shunt field means that the
magnetic field has been reduced. With a reduction
in magnetic field, there is a reduction in armature
CEMF. When the CEMF is reduced, the motor




armature receives more current. The more current
in the armature, the greater the torque developed.
Therefore, motor speed increases.

SHUNT
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RESISTANCE
ARMATURE
REDUCED CEMF
REDUCED I —>
GREATER TORQUE
AND SPEED

FIGURE 19-7. Shunt Motor With Full Field
Resistance.

Below Normal Speed Control. To reduce the
speed of the shunt or any DC motor, it is necessary
to reduce the current to the armature. A rheostat in
series with the armature will increase the resistance
in the armature circuit or decrease the resistance in
the armature circuit. As armature resistance is
increased, current to the armature is decreased. The
decrease in armature current decreases the torque
and armature speed. Control of the armature circuit
in this manner does not substantially affect the
CEMF created from the rotating armature conduc-
tors within the field poles’ strong magnetic field.

Use of Shunt Motors

The speed of a shunt motor remains nearly
constant for a given field current. The constant
speed characteristic makes the use of shunt motors

esirable for driving machine tools or any other
device that requires a constant speed driving source.

SERIES WOUND MOTOR

Where there is a wide variation in load or where
the motor must start under a heavy load, series
motors have desirable features not found in shunt
motors. The series wound motor is used where high
starting tor(éue and varying speed is desired. The
armature and the series field are connected in series.
With high armature and field currents, it has a very
high starting torque and is well suited for starting
heavy loads such as the diesel engines.
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Figure 19-8 illustrates the series motor. Notice
that the series field is in series with the armature
windinqs. When the motor is first started, with the
negligible effects of the CEMF, current flow through
the armature is high. Since the armature and the
series field are in series, the current in the armature
is the same current through the series winding. TM
large current develops a very strong magnetic field
and results in an extremely high torque. Conversely,
if the motor is operating at rated speed, the CEMF
will be very high, and the current in the series field
winding and armature is reduced proportionally.
This means that the series motor can develop a very
high torque and respond to increases in loading
(reductions in armature RPM) rapidly.
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FIGURE 19-8. Series Wound Motor.

Series Motor Speed

The series motor will continue to increase in
speed as long as there is more torque developed than
IS necessary to turn the load. This additional torque
is called acceleration torque.

When a series motor is heavily loaded, it slows
and produces more torque. As the load is removed,
the motor increases in speed. If the load is suddenly
removed from the series motor, the accelerating
torque is just enough to continue to increase the
motor’s speed. The continuously increasing speed
can destroy the motor.
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No-Load Operation

With the load removed and armature speed
increasing, CEMF should also increase. However,
CEMF is a by-product of a conductor moving in a
magnetic field. The series motor field varies with
armature current, and CEMF decreases as the field
decreases.

There is sufficient CEMF to reduce current to
the armature, but in doing so, CEMF also limits the
current to the series field pole windings. The series
field still passes enough current to overcome windage
and friction and develop an accelerating torque.
However, at a reduced current flow, there is not
enough of a magnetic field established to generate a
proportional CEMF at these reduced current levels.
Even though CEMF increases as speed increases,
the overall reduction of current through the series
field winding makes it impossible for a magnetic
field to loroduce the CEMF necessary to eliminate
the acceleration torque. Due to internal losses, the
CEMF will always be overcome by the EMF in a
branch circuit. After all, the EMF from the power
supply was essential to the creation of the CEMF.
The difference between the shunt field and the series
field is that the shunt field current is not changed by
the armature current.

When the load is removed from the series
motor, enough current and accelerating torque is
available to exceed the feeble CEMF. Armature
RPM increases endlessly.

To prevent the series motor from overspeeding
and destroying itself, many series motors are
provided with a small shunt field to maintain ade-

uate CEMF if the load is accidentally removed from
the motor.

COMPOUND MOTORS

Compound motors, like compound generators,
have both a shunt and a series field. In most cases,
the series winding is connected so that its magnetic
field aids that of the shunt winding magnetic field
(Figure 19-9 view A% The current entering both the
series field and the shunt field is moving in the same
direction. Both fields produce the same magnetic
field and aid each other. Motors of this type are
called cumulative compound motors. In the cumula-
tive motor, the speed decreases (when a load is
applied more rapidly than it does in a shunt motor,
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but less rapidly than in a series motor. The cumula-
tive compound motor is used where reasonably
unlgorgn speed combined with good starting torque is
needed.

The differential compound motor is used only
for low power work. Figure 19-9 view B shows the
opposing magnetic fields of the differential com-
pound motor. Notice that the series winding’s
magnetic field is connected to oppose the shunt
winding’s magnetic field. The differential compound
motor maintains even better constant speed, within
its load limit, than the shunt motor. But it has very
poor starting torque and is unable to handle serious
overloads.
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FIGURE 19-9. Types of Compound Motors.
SEPARATELY EXCITED MOTOR

Figure 19-10 shows the separately excited DC
motor. This circuit diagram shows an individual
armature circuit and an individual field circuit. A
DC power source that is not armature-connected
supplies power to the field poles. Notice the vari-
able resistors for speed control. The armature
rheostat controls speeds below the normal base
speed, and the rheostat in the separately excited
field controls speeds above the rated base speed.
Separately excited motors are not commonly found
in the Army marine field.
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FIGURE 19-10. Separately Excited DC Motor.

DC MOTOR ROTATION REVERSAL

~ The direction in which the DC motor armature
will rotate depends on two conditions;

o The direction of the magnetic lines of force
from the field poles.

e The direction of the current through the
armature windings and the resulting
armature lines of force.

The section on the principle of DC motor rota-
tion at the beginning of this chapter discussed how
the lines of force from the field poles and the current-
carrying armature conductors Interacted to produce
torque. To change the direction of armature rota-
tion, it is necessary only to change the two fields’
relationship. In practice, 1t is unimportant what mag-
netic field is changed as long as their relationship Is
changed.

| Figure 19-11 view Al shows an armature turning
in a clockwise direction. By changing the direction
of current through the armature alone
[view B), the magnetic lines of force from the arma-
ture react differently to the field pole lines of force.
The armature now moves in the counterclockwise
direction. Any interposes or compensating windings
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must also maintain the same current direction as the
armature windings to effectively eliminate the arma-
ture reaction caused by armature current. However,
the shunt and/or series fields must not be changed.

The motor rotation can also be changed by
reversing the current through the field poles alone.
If the motor is a compound motor, then both the
series and shunt fields must have their current flow
reversed. The current flow in the armature must be
maintained in the original direction.

The motor direction cannot be changed by

I_Lﬂ&mﬂg_thﬂ_palaéity of the incoming power lines.
Figure 19-11 view G shows the armature rotating in a
clockwise direction. When the incoming power line
polarities are reversed, the motor still rotates in the
same direction. Although the field pole polarity and
the armature conductor current flows have reversed
the relationship between the fields in[view A and viewl
have not changed. As long as the relationship
hetween the field pole magnetic lines of force and the
armature magnetic lines of force remain unchanged,
the direction of rotation will not change.

MOTOR BRAKING
Electromechanical Braking

Hoists are equipped with ordinary friction
brakes so that cargo loads can be stopped exactly
when and where desired. Friction brakes, like those
found on the automobile, are an ashestos and metal-
lic material that is pressed against a metal drum
connected to the motor armature or winch drum.
The friction between the brake pads and the drum
bring the motor armature speed rapidly under con-
trol. Since the point where braking Is to take place is
usuaII?/ remote from the operator, the brakes are
usual 3/ mechanically applied and electrically
released. When electrical power is not applied to the
brake system, springs hold the friction brake and
drum securely. Energizing a solenoid provides a
magnetic field that overcomes the spring pressure,
and the brake is released. This arrangement follows
a fail-safe principle employed on winches and
capstans. If a power failure should occur with a load
hoisted, the load could otherwise drop, damaging
the cargo and endangering anyone working nearby.
Instead, the power tailure would de-energize the
solenoid, and the spring pressure would again be
a#plied to the brake drum. A friction brake Is very
effective at moderate and slow speeds.
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FIGURE 19-11. Reversing DC Motors.

Dynamic Braking

Dependingr on the motor application, either
friction braking alone or in conjunction with dynamic
braking can be used. There are only minor dif-
ferences between generators and motors. A volt-
age applied to a generator will produce torque.
Similarly, when a motor is mechanically turned, it will
produce an EMF. Dynamic braking takes advantage
of the similarities (Figure 19-12).
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FIGURE 19-12. Dynamic Braking Circuit.

Any motor will stop eventually when power is
disconnected. To decrease the armature speed
rapidly, the motor is reconnected as a generator. The
field poles maintain their excitation from the normal
line voltage.

When the STOP button is pressed, the friction

brake is applied. At high armature speeds, the fric-
tion brake Is inefficient and would bum out after a
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few applications. To prevent this, only the armature
of the motor is disconnected from the line voltage.
The armature conductors are rapidly turning in the
magnetic field of the field poles. Through external
switches, a complete path has been provided through
the armature and brush assemblies and connected to
a braking resistor. As the armature conductors cut
the lines of force from the magnetic field poles,
the armature produces an EMF. Since there is a
completed electrical circuit, a current flow exists in
the armature. The magnetic lines of force from the
armature current interact with the lines of force from
the field poles in a way that opposes the rotation of
the armature. The faster the armature moves, the
greater the generated EMF and resulting opposing
armature magnetic field. The greater the armature
speed, therefore, the greater the slowing ability of the
motor. As armature speed reduces, so does the
generated EMF. A motor cannot be stopped with
dynamic braking; it can only be slowed. Dynamic
braking is exceptionally well suited for rapidly slow-
ing fast-moving armatures. Together, dynamic brak-
ing and the friction brake provide an effective way to
manage motor armature and winch speeds.

For additional information on the inspection,
testing, troubleshooting, and overhaul of DC
machines, refer to TM 5-764, Electric Motor and,
Generator Repair, dated September 1964.

NOTE: The current developed in the
armature during dynamic braking is
applied to a resistor bank (braking
resistor), and the power is consumed
as heat.



